Previous research on spatial memory indicated that memories of small layouts were orientation dependent (orientation specific) but that memories of large layouts were orientation independent (orientation free). Two experiments investigated the relation between layout size and orientation dependency. Participants learned a small or a large 4-point path (Experiment 1) or a large display of objects (Experiment 2) and then made judgments of relative direction from imagined headings that were either the same as or different from the single studied orientation. Judgments were faster and more accurate when the imagined heading was the same as the studied orientation (i.e., aligned) than when the imagined heading differed from the studied orientation (i.e., misaligned). This alignment effect was present for both small and large layouts. These results indicate that location is encoded in an orientation-dependent manner regardless of layout size.
Alignment effects of this kind are revealing about how inter/object spatial relations are represented in memory. In particular, they are informative about the frames of reference used to encode the locations of objects in memory. The location of an object in physical space cannot be specified without establishing a frame of reference. Mental representations of locations also must establish frames of reference of some kind. These frames of reference may be determined by the location of the viewer in relation to the space (e.g., retinal coordinates). Alternatively, reference frames may be determined independently of the viewer's perspective (e.g., scene-centered axes). The existence of an alignment effect in judgments of relative direction indicates that the mental representation is orientation dependent: Retrieving spatial relations is easier from previously experienced than from novel orientations. If the mental representation were orientation independent, no alignment effect would be expected.
This analysis parallels recent investigations of visual object recognition. A principal focus of interest in this area has been the mental representation of intraobject spatial relations. Recent studies indicate that mental representations of objects may consist of a collection of viewpointdependent representations (e.g., Edelman & Biilthoff, 1992; Humphrey & Khan, 1992; Tarr, 1995; Tarr & Pinker, 1989) . According to the proposed theories, images provided by early visual processes are compared with multiple viewpointdependent representations for recognition. If there exists a viewpoint-dependent representation that corresponds to the orientation of the incoming percept, recognition is fast and accurate. If no such representation exists, a normalization procedure ensues to match the percept and the view-specific representation that is most similar in orientation; this normalization procedure leads to longer recognition times and more errors. There seems to be no doubt that mental representations of small spatial layouts, such as maps, are orientation dependent. In all cases of which we are aware, an alignment effect is found when people make judgments of relative direction based on memories of small spatial layouts. Of special interest, however, is the finding that an alignment effect may not be present when people learn large-scale spaces (Evans & Pezdek, 1980; Presson et al, 1989; Presson & Hazelrigg, 1984; Thorndyke & Hayes-Roth, 1982) . This result indicates that mental representations of large-scale spaces may be orientation independent.
There are many differences between large-scale spaces, such as a city or a college campus, and small spatial layouts, such as maps. Two obvious differences are the number of experienced orientations and size. Much of the earlier work with large spatial displays confounded these two variables. For example, Evans and Pezdek (1980, Experiment 2) examined memory for the spatial relations among states, which are typically learned by way of maps, and the spatial relations among buildings on a campus, which are typically learned by way of direct experience. Participants were shown triads of states or of buildings and were asked to decide whether the elements were in the correct spatial configuration (incorrect triads were mirror images of correct triads). The principal independent variable was the orientation of the triad relative to a canonical orientation defined by maps of the relevant spaces. Decision time in this task was a linear function of orientation for state triads but not for building triads. In another experiment, participants who were unfamiliar with the campus learned a map of it and were given the judgment task using triads of buildings as stimuli. Decision time for these participants was a linear function of orientation. On the basis of these findings, Evans and Pezdek suggested that spatial knowledge may be represented differently depending on how it was acquired. Thorndyke and Hayes-Roth (1982) also suggested that there may be important differences between spatial knowledge acquired from maps and spatial knowledge acquired from navigation. In this experiment, two groups of participants were tested: those who had worked in a particular building and those who had not but had learned the Layout of the building from a map. Participants who had learned the building from a map were more error prone on an orienting task that required them to point to a designated location within the building, based on a particular starting location, than those who had learned the building from navigation.
The major emphasis of both of these studies was the difference between spatial knowledge acquired from maps and that acquired from navigation, not the difference between small and large spaces per se. These researchers were principally interested in the effects that different learning experiences might have on knowledge representations and, hence, did not equate learning experiences for small and large spaces. However, as noted earlier, many of the observed differences could have been a result of either the size of the learned spatial layout or the number of orientations experienced. The navigation groups learned large spatial layouts, presumably from many different orientations, whereas the map groups learned small spatial layouts, presumably from a single orientation. With exposure to a sufficient number of perspectives, a collection of orientationdependent representations would appear to be orientation independent because processing a novel perspective would require only minimal transformation of an existing representation in memory (e.g., Edelman & Biilthoff, 1992; Humphrey & Khan, 1992; Tarr, 1995; Tarr & Pinker, 1989) . Thus, it is unclear whether size of the spaces, the number of orientations experienced, or some other variable accounted for the differences in performance between map and navigation groups.
In more recent investigations, however, size of space and number of experienced orientations have been unconfounded (e.g., Presson et al., 1989; Presson & Hazelrigg, 1984) . Presson et al. (1989) had participants learn 4-point paths (e.g., Figure 1 ) from a single perspective. These paths were either small (e.g., 40 cm X 40 cm) or large (e.g., 4 mX4 m). After learning a layout, participants made judgments of relative direction using their memories of the layout. The experiments showed that layout size was the only reliable predictor of an alignment effect. Small layouts always produced an alignment effect, whereas either large, room-sized paths did not produce a reliable alignment effect or the effect was much smaller for large layouts than for small layouts. This Layout Size X Alignment interaction occurred even though participants viewed large and small displays from a single orientation.
The original intent of our investigation was to explore possible causes of the interaction between layout size and alignment. We hoped that our findings would supply a theoretical foundation for understanding the interaction. We began with Presson et al.'s (1989) suggestion that larger displays are more similar to an actual environment than smaller ones. According to Presson et al., large displays may afford potential action and exploration experiences (see also Gibson, 1979 ) that differ from the potential experiences of small displays. Specifically, people are able to walk through a room-sized layout but not a small layout. If display size relative to the perceiver's body was an important factor behind the Size X Alignment interaction, then we would be able to eliminate the alignment effect for small layouts if we got participants to imagine themselves small enough to move around in the small layout space. If we did not tell them to imagine themselves in such a way, we expected to find an alignment effect.
We conducted an experiment to test this hypothesis (Roskos-Ewoldsen & McNamara, 1991) . The major independent variables in this study were the instructions given to participants (imagery vs. standard), size of layout (small vs. large), and alignment (aligned vs. contra-aligned judgments of relative direction). The first two variables were manipulated between subjects; 96 participants were tested in all. Twelve 4-point paths, similar to those used by Presson and his colleagues (Presson et al., 1989; Presson & Hazelrigg, 1984) , were used as stimuli. Before seeing the displays, participants were given either imagery or standard instructions. Participants in the imagery-small-layout condition were asked to imagine that they were the size of a 3-in. (7.62-cm) marker (provided by the experimenter) and able to move around in the path. The participants were told to think about how the path and the room would look from this view and how the locations on the path would look in relation to one another. The imagery-large-layout instructions emphasized that the participants should imagine that they were of normal height and able to move around in the path. The standard instructions were those used by Presson et al. (1989; Presson & Hazelrigg, 1984) .
After receiving the appropriate instructions, each participant was seated in a wheelchair and was shown a layout for 30 s. Then the participant was blindfolded, the layout was put away, and an experimenter pushed the wheelchair on a meandering course through the room. After 1 min of pushing, the wheelchair was stopped in the center of the room (unbeknownst to the blindfolded participant), and the participant was asked to imagine being at a particular location on the path, facing in a specific direction. Then the participant was asked to point to a third location on the path, using a pointer on a circular dial. On half the trials, the imagined facing direction was aligned with the original viewing orientation (e.g., using the practice layout in Figure 1 , "point to 1 as if standing at 3 facing 4"); on the other trials, the imagined facing direction was contraaligned with the original viewing orientation (e.g., "point to 4 as if standing at 1 facing 2"). The dependent measure was the difference in angular error between the pointing response and the actual direction of the target location (relative to the imagined heading).
Only two effects were statistically reliable in this experiment. First, there was an alignment effect of 8.5°: Mean angular error was 28.9° for aligned judgments and 37.4° for contra-aligned judgments (p = .03). Second, men were more accurate than women: Mean angular errors were 26.7°f or men and 39.6° for women (p < .005). The alignment effect did not interact with layout size: 7.8° for small displays and 9.1° for large displays (p > .50). Finally, the instructions to participants had no effect, nor did this variable interact with any other variable. The most important finding in this experiment was the absence of any evidence of an interaction between layout size and the alignment effect. This finding was inconsistent with other results (e.g., Presson et al., 1989) and indicated that the layouts were mentally represented in an orientation-dependent manner regardless of layout size.
There were at least two potential problems with this preliminary experiment. First, the overall alignment effect in this experiment (8.5°) was small compared with that reported by Presson et al. (1989; i.e., 33 .8° for the small layouts). The size of the alignment effect might have contributed to not finding an interaction between layout size and alignment. That is, our preliminary experiment might not have had enough power to detect an interaction, because the alignment effect was small. Second, there might have been a speed-accuracy trade-off: The relatively small alignment effect for small layouts in accuracy might have been paired with a large alignment effect in response latency. Unfortunately, we did not collect response latencies in this experiment.
Experiment 1
We conducted Experiment 1 to rectify the potential problems discussed in the previous paragraph. In Experiment 1, the same basic design was used to see if the result of the preliminary experiment could be replicated, thereby addressing in part the possible power problem. Also, we measured response time, in addition to angular error, to address the possible speed-accuracy trade-off. Finally, we also tested one possible explanation of why we did not obtain an interaction between layout size and alignment in our preliminary experiment.
We hypothesized that if participants were aware of their location in the room, they might be able to keep track of their location with respect to the layout and the alignment effect would be absent or mitigated (e.g., Book & Garling, 1980; Easton & Sholl, 1995; Presson & Montello, 1994; Rieser, 1989; Rieser et al., 1986; Smythe & Kennedy, 1982) . Because large layouts may afford more potential action and exploration experiences than small layouts (Presson et al., 1989) , mental updating may be more likely for large than for small layouts. If so, an alignment effect might be absent for large, but present for small, layouts. We were reasonably confident that participants in our preliminary experiment had been disoriented when they made their pointing judgments. The participants were required to point to a particular wall of the room (halfway through the meandering course), and on average, these judgments were at chance level.
This aspect of the design of Experiment 1 was originally stimulated by our understanding of the procedures used by Presson et al. (1989) . However, a closer reading of their procedures revealed that we might not have replicated a crucial aspect of their experiments. This does not compromise our results or conclusions, but it does mean that our attempt to replicate their studies was only partial. We reserve complete discussion of this issue for the General Discussion.
In Experiment 1, participants first learned large or small spatial layouts. AH participants were then blindfolded and moved in a wheelchair to a location from which their first pointing judgment would be made. Participants in the locative condition were pushed directly to the center of the path space. We hoped (and indeed found) that this course would permit the participants to keep track of where they were in the room and, hence, where they were with respect to the layout they had just seen. Participants in the nonlocative condition were taken on a course that included many twists and turns before ending up in the center of the path space. We hoped (and found) that this course would disorient participants and prevent them from keeping track of their location with respect to the room. We hypothesized that an alignment effect might not appear for participants in the locative condition when they learned large displays. It was possible that participants in the locative condition would keep track of their location with respect to both large and small layouts, in which case the alignment effect might be small or nonexistent for both sizes of layouts. However, previous research (e.g., Presson et al., 1989) suggests that if the manipulation were successful, updating would be more effective for large layouts than small ones, thereby creating a Layout Size X Alignment interaction. In contrast, we hypothesized that the participants in the nonlocative condition would evince an alignment effect for both large and small layouts, consistent with the results from our preliminary experiment.
Method Participants
Participants were 128 introductory psychology students at the University of Alabama. All received credit toward a course requirement. Approximately equal numbers of women and men were assigned to one of four conditions, according to a 2 (locative vs. nonlocative) X 2 (small vs. large display) between-subjects factorial design.
Materials and Design
Nine layouts were adapted from those used by Presson et al. (1989; Presson & Hazelrigg, 1984) . We used these layouts so that our stimuli would match as closely as possible those used in experiments in which a Layout Size X Alignment interaction was found (Presson et al., 1989) . One of the layouts was used for practice only. There were two sizes of each of die nine layouts, an 8 ft X 12 ft (2.44 m X 3.66 m) version and a 6 in. x 9 in. (15.24 cm X 22.86 cm) version. We chose these sizes to be extreme values on the layout-size scale. Each display depicted a 4-point path with two turns; the turns consisted of angles that were either 70° and 110°, or 90® and 90° (see Figure 1 ). Large layouts were made with 2-in. (5.08-cm) black tape and were centered on 9 ft X 12 ft (2.74 m X 3.66 m) heavy plastic drop cloths. Small layouts were made with 0.5-in. (1.27 cm) black tape on 6.75 in. X 9 in. (17.15 cm X 22.86 cm) pieces of drop cloths. We assigned a number from 1 to 4 to each endpoint or corner of the path, starting at one endpoint and proceeding sequentially through the path, and these numbers were also in black tape (1-in. [2.54-cm] tape for large layouts and 0.25-in. [0.64-cm] tape for small layouts).
The eight layouts used for the experimental trials were ordered randomly, and the same order was used for all participants. Two judgments of relative direction were made for each layout, one aligned and the other contra-aligned. The order of these judgments was determined randomly for each layout, with the restriction that half the layouts had aligned judgments before contra-aligned and the other half had contra-aligned before aligned. The same order was used for all participants.
Four sets of materials were constructed. Counterbalanced across these four sets were whether the participants were asked to imagine themselves as facing either toward or directly away from the nearest location on the layout and whether the correct response to the target was in front of the participant (i.e., 0° to 85° or 275° to 355°) or behind the participant (i.e., 95° to 265°). The participant could be asked to imagine being on any of the four locations, facing either toward or directly away from the nearest location on a layout, and then to point to either of the two remaining locations, which could be either in front of or behind the participant Correct pointing responses across the four sets ranged from 35° to 325°; the means of the correct answers, calculated separately for each of the four sets, were equivalent across sets. Also, the mean correct answers were equivalent for aligned and contra-aligned queries.
Participants used a cardboard dial to make their pointing responses and wore a blindfold. Attached to the center of the circular dial was a pointer that could be rotated 360°. Every 5° was marked on the dial (0° to 355°, clockwise), so that the experimenter could record the participants' responses. There were notches in the outer edge of the dial at 0°, 90°, 180°, and 270', to help the participant keep the directions in mind. The notch at 0° was larger than the other notches, to enable the blindfolded participants to keep 0° in the forward position. The blindfold was a modified set of goggles used for chemistry classes. Black poster board was cut to cover the entire outside of the goggles and was secured to the goggles with black tape.
Procedure
Participants were seated in a wheelchair located at one end of a room, facing toward the center of the room, with the practice display laid out in front of the wheelchair on the floor. Participants were told that they would view a series of 4-point maps and that once they had seen a map, they would be asked to make a judgment from memory about one of the points on the path that the map represented. Participants in the small-layout conditions were told that the path marked on the plastic sheet corresponded to an 8 ft X 12 ft (2.44 m X 3.66 m) area, approximately the size of the room in front of them. In the large-layout condition, participants were told that the display corresponded to a path of the same size as the display itself (e.g., Presson et al, 1989; Presson & Hazelrigg, 1984) . Participants were told that they would be blindfolded during most of the procedure, and they were then given detailed instructions regarding the task.
The procedures for the nonlocative and the locative groups were the same, except for the manner in which they were moved around in the room. We first describe those aspects of the procedures common to both groups and then elaborate on the differences.
At the beginning of each experimental trial, the participant removed the blindfold, viewed the display for 30 s, and replaced the blindfold at the experimenter's command. The experimenter then put away the layout, which took about I min. The participant was then pushed in the wheelchair to the center of the room, facing a randomly determined wall of the room, and was asked to point with his or her arm to the wall with the door. This door-pointing task assessed the extent to which the participants knew where they were within the room. If participants could point accurately to the wall with the door, then they presumably knew where they were in the room and also where they were in relation to the path. After the door-pointing task, participants were pushed again and placed at the center of the room for the first judgment of relative direction. Participants were told to imagine that they were on a specific location on the path, facing either toward or away from the nearest location on the path, and to point to a target location using the circular dial. The experimenter started a stopwatch immediately after the target location was announced and stopped the stopwatch when the participants removed their hand from the dial. The experimenter recorded the response time in seconds and the angular direction in degrees (obtained from the dial). After another round of pushing (or remaining in place; see description below), participants made a second judgment of relative direction (different from the first). Both response time and pointing direction were recorded. At the end of the trial, the participants were pushed to the starting point for the next trial. Participants remained blindfolded throughout the trial.
The nonlocative and the locative groups differed only in how the participants were moved around in the room. After viewing the layout, participants in the nonlocative condition were pushed with many twists and turns for 20 s, ending in the center of the room facing one of the four walls for the door-pointing task. Next, they were pushed with many twists and turns for another 20 s, ending in the center of the room, facing forward in the same direction as when they had learned the layout. Participants then made their first judgment of relative direction. Participants were then pushed with many twists and turns for 10 s, again ending in the center of the room facing forward, and made the second judgment of relative direction. Finally, the participants were pushed with twists and turns for 10 s and placed at the starting point, in preparation for the next trial.
After viewing the layout, participants in the locative condition remained in the wheelchair without being pushed for 15 s and then were taken directly to the center of the room and faced in one of four directions for the door-pointing task, which lasted an additional 5 s, for a total of 20 s. The experimenter waited 15 s before simply turning the participants, without forward movement, to face the front of the room for the first judgment of relative direction, which took 5 s, for a total of 20 s. Then, the participants waited in the same position for 10 s before making the second judgment of relative direction. The participants were returned directly to the starting position after the second judgment.
Results
Responses from trials in which there was equipment failure or experimenter error were not included in the analyses. These problems occurred on 25 out of 2,048 responses, or 1.2% of the responses. Each participant's mean response time and mean absolute error were computed for aligned and contra-aligned queries across the eight test layouts. We performed an analysis of variance (ANOVA) on those means, using a mixed design in which movement type, layout size, and gender were between-subjects variables and alignment was the within-subject variable. Because there was a large number of main effects and interactions tested with this design, an alpha level of .01 was used as the criterion for all analyses discussed below.
Mean response times for the major variables are listed in Table 1 . The only reliable effect on response time was the main effect of alignment. The mean response times were 6.0 s for aligned judgments and 3.5 s for contra-aligned judgments, F(l, 120) -128.%, MSE = 3.05.
The mean absolute angular errors are also shown in Table  1 . In the analysis of angular error, the effects of gender and of alignment were statistically reliable. As in the preliminary experiment, men outperformed women. The mean angular error was 40.9° for men and 51.7° for women, F(l, 120) = 7.13, MSE = 1,041.36. The alignment effect replicated the effect found in the preliminary experiment and mirrored the response times in the present study. The mean angular error was 31.7° for aligned judgments and 61.4° for contraaligned judgments, F(l, 120) = 84.93, MSE = 628.21. Collapsing across all other variables, the alignment effect was 33.9° for small layouts and 24.6° for large layouts. This interaction was not reliable, f(l, 120) = 2.04, p = .16. The alignment effect for small layouts in this experiment was almost exactly the same size as the alignment effect for small layouts reported by Presson et al. (1989, Table 1 , "small map" and "2-ft 2 " conditions). However, the alignment effect for large displays in our experiment was three times the size of the alignment effect for the corresponding conditions in the experiments reported by Presson et al. (1989, Table 1 , "large map," "path," and "12-ft 2 " conditions).
Given that the major goal of this experiment was to detect an interaction between layout size and alignment but none was found, the power of the experiment is of interest. The average magnitude of the Layout Size X Alignment interaction in the experiments reported by Presson et al. (1989) was 26° (this was the difference between the average alignment effect for the small map and 2-ft 2 conditions and the average alignment effect for the large map, path, and 12-ft 2 conditions). The power of our experiment to detect an interaction in angular error of 26° was approximately .92 (at a = .01). In other words, the probability of a Type II error in this experiment was low.
A final analysis was conducted to assess the extent to which participants in the locative and nonlocative groups knew where they were in the room after their first trip in the wheelchair. If this variable was manipulated successfully, then participants in the locative condition would perform better than participants in the nonlocative condition on the task that required them to point to the wall with the door. The proportion of trials on which the correct wall was pointed to was calculated for each participant. These proportions were submitted to a between-subjects ANOVA, with variables corresponding to movement type, layout size, and gender. As expected, participants in the locative condition (M = 0.60) were more accurate than participants in the nonlocative condition (M = 0.39), F(l, 120) = 19.70. There also was a main effect of gender: Men were more accurate than women; Ms = 0.57 and 0.42, respectively; F(l, 120) = 11.75, for both effects MSE = 0.074. There were no other reliable main effects or interactions in this analysis.
Discussion
The results of Experiment 1 replicated the results of our preliminary study: An alignment effect appeared for both large and small spatial displays, and it was of approximately the same magnitude for both sizes of displays. The failure to find an interaction between layout size and alignment was not due to a lack of statistical power or to a speed-accuracy trade-off. Our calculations showed that the probability of a Type II error was quite low, even at a stringent alpha level. We also did not find any evidence of a speed-accuracy trade-off: The alignment effect occurred for large and small layouts in both accuracy and speed. Collectively, the results of our preliminary experiment and of Experiment 1 indicate that mental representations of spatial layouts viewed from a single perspective are orientation dependent.
There is a possibility that the alignment effect for large layouts was overestimated in our experiment but underestimated in those of Presson et al. (1989) and that the two sets of findings differ quantitatively but not qualitatively. We believe that this hypothesis is unlikely, for two reasons. First, although the alignment effect was approximately 40% larger for the small than the large layouts in Experiment 1, it was 15% smaller for the small than the large layouts in the pilot experiment. In neither case was the interaction between layout size and alignment statistically reliable. In contrast, the alignment effect was over 300% larger for small than for large layouts in Presson et al.'s (1989) experiments. Second, we believe that a better explanation of the difference in results between our experiments and Presson's exists. This explanation is discussed in detail in the General Discussion.
Another important result of Experiment 1 was that the alignment effect appeared regardless of whether participants knew where they were in the space. In other words, simply having knowledge of where one is in a space does not seem to facilitate the retrieval of novel orientations of the space. We forgo discussion of this finding, and how it bears on the findings reported by Presson et al. (1989) , until the General Discussion, at which point all of our data can be considered together.
A peripheral, but nevertheless interesting, result of our studies is the difference in accuracy between men and women. This effect was not unexpected. In the vast majority of research measuring the spatial abilities of males and females, males outperform females (Law, Pellegrino, & Hunt, 1993; Liben & Downs, 1993; Sharps, Welton, & Price, 1993; Siegel & Schadler, 1977 ; see also Linn & Peterson, 1985, and Voyer, Voyer, & Bryden, 1995 , for meta-analyses of gender differences). The differences between men and women in the current study may be related to sense of direction. Kozlowski and Bryant (1977) found that people's estimates of their own sense of direction were directly related to their performance on a task that required them to point to unseen targets. To the extent that the door-pointing task is a measure of one's sense of direction, it showed that women's sense of direction was not as good as men's, because they performed worse than men on this task. Therefore, in this experiment, women's poorer sense of direction than men may be related to their poorer performance on judgments of relative direction.
One potential limitation of both the preliminary experiment and of Experiment 1 is that the stimuli were highly artificial and nearly devoid of semantic content. We used these 4-point paths because they were used by Presson and his colleagues (Presson et al., 1989; Presson & Hazelrigg, 1984) and we wanted to keep our experiments as similar as possible to theirs. However, at least a few of the experiments documenting orientation independence in spatial memories used more natural spatial layouts (e.g., Evans & Pezdek, 1980; Thomdyke & Hayes-Roth, 1982) . The goal of Experiment 2 was to address this Limitation, at least in part, by using spatial layouts that contained real objects.
Experiment 2
Participants in Experiment 2 learned the locations of real objects in a room from a single viewing orientation and then made judgments of relative direction using memory. Imagined headings in these judgments included intermediate headings between 0° (i.e., aligned) and 180° (i.e., contraaligned).
Another unique feature of Experiment 2 was that we attempted to separate the time required to adopt an imagined heading, which we refer to as orienting time, from the time required to point to the target This was accomplished by testing participants on a computer rather than with the handheld dials and by presenting the heading (e.g., "Imagine you are standing at the Jar and facing the Shoe") before presenting the target (e.g., "Point to the Clock"). We hypothesized that if memories were orientation dependent, then orienting time would increase with the angular distance between the imagined heading and the studied orientation. Pointing time, which would primarily reflect time to retrieve the target object's location once a heading had been adopted, might not be as sensitive to the angular distance between the imagined heading and the studied orientation.
Method Participants
Twenty-four undergraduates (10 male, 14 female) at Vanderbilt University participated in return for credit toward a course requirement.
Materials and Design
Two configurations of seven objects each were constructed (see Figure 2 for an example). The objects were common, were visually distinct, shared no primary semantic associations, and had onesyllable names. Objects were placed on a 3-m x 3-m clear plastic sheet that filled one hah 0 of a large room. Each test trial was constructed from three objects in the layout. For example, a test trial for the layout depicted in Figure 2 might be "Imagine you are standing at the Jar and facing the Shoe. Point to the Clock." The first two objects established the imagined heading, and the third object was the target.
Eight equally spaced headings were used. To facilitate exposition, headings were arbitrarily labeled counterclockwise from O°-315° in 45° steps, where 0° corresponded to the orientation that participants actually viewed. For example, given the viewing orientation in Figure 2 , the Jar-Shoe-Clock triad represents an imagined heading of 45°. Three triads were selected for each imagined heading, yielding 24 trials in all for each layout.
Pointing direction (the direction of the target object relative to the heading) was counterbalanced across imagined headings by dividing the space into six areas, for example, front-right ( rations, participants experienced one instance of each pointing direction at every imagined heading.
Procedure
All participants were asked to learn both configurations and were tested with 24 triads per configuration. Participants learned and were tested on one configuration before learning and being tested on the second configuration. Order of learning was counterbalanced across participants; participants were tested individually.
Learning phase. Before they entered the study room, participants were told that they would be viewing a display and that they should learn the objects and their locations for a spatial memory test. The participants were then blindfolded and led into the study room and to the viewing position. The blindfold was removed, and the experimenter provided the common name for each object to prevent confusion. The participants viewed the display for 30 s and then were required to close their eyes and to point to and to name each object. This study-test sequence was repeated until participants could point to and name all of the objects three times in a row.
Test phase. After learning the spatial layout, participants were taken to another room to be tested. The test trials were presented on a Macintosh computer. Participants first received instructions on using the program and four practice trials involving locations on the campus. Each test trial was initiated by the participant and proceeded as follows: The heading was printed at the top of the screen (e.g., "Imagine you are standing at the Jar and facing the Shoe"). The participant clicked the mouse to indicate when he or she had adopted the heading. The name of the target object was then displayed (e.g., "Point to the Clock"), along with a circle and a movable line. The participant used the mouse to position the line on the circle, to represent the direction the target would be if the participant were in the imagined position. This circle-and-line display simulated the handheld dial used in Experiment 1.
Results
Orienting time, pointing latency, and pointing accuracy were analyzed separately in within-subject ANOVAs, with variables corresponding to imagined heading (0°, 45°, 90°, 135°, 180°, 225°, 270°, or 315°) and session (first vs. second). The imagined heading of 0° corresponded to the orientation participants actually experienced.
Orienting Time
Outliers were removed using the upper outer fences (i.e., 75th% + 3 [75th% -25th%]; Tukey, 1977) . Approximately 3% of the data were removed. Mean orienting times as a function of imagined heading are plotted in Figure 3 . The data for imagined headings of 0° (the studied orientation) are replotted at 360° to emphasize symmetry. An ANOVA showed that the effect of imagined heading was reliable, F(7, 161) -3.62, MSE = 3.96, p < .01. Orienting times increased as the difference between the imagined heading and the studied orientation increased, with the exception of the imagined heading of 180°. Functions with this M shape have been documented before (e.g., Carr & Roskos-Ewoldsen, 1997; Hintzmanetal., 1981) . In addition, the effect of session was reliable, F(l, 23) = 8.57, MSE -4.28, p < .01. Orienting times were slower in the first session (6.7 s) than in the second session (6.0 s). The interaction between imagined heading and session was not reliable, F(7, 161) = 1.33, MSE = 3.68, p = .24. Another analysis was conducted to compare orienting times for aligned headings (0°) and contra-aligned headings (180°). This difference was reliable, f(23) = -2.11, p < .05, with aligned headings taking less time than contra-aligned headings.
Pointing Latency
Outliers were removed (3%) using the same methods as for orienting time. Mean pointing latencies are plotted in Figure 4 as a function of imagined heading and session (as in Figure 3 , the data at 0° are replotted at 360°). The effect of imagined heading was reliable, F(7, 161) = 11.48, MSE = 29.62, p < .001. The data show an M-shaped pattern similar to that found with the orienting time. However, for unknown reasons, the shape of the pointing latency function is not symmetrical. Overall, pointing latencies were longer in the first session than in the second session, F(l, 23) = 37.11, MSE = 51.90, p < .001. The interaction between these variables was also reliable, F(7, 161) = 3.24, MSE = 23.31, p < .01. This interaction did not compromise the major finding that imagined headings other than the studied orientation led to longer pointing latencies. The difference between aligned (0°) and contra-aligned (180°) trials was reliable, f(23) = -4.04,p < .001.
It appears that the attempt to separate orienting time from pointing latency was not entirely successful. Both measures evince an influence of imagined heading. The results suggest either that pointing responses, like orienting responses, are dependent on the learned orientation or that participants Imagined Heading (degrees)
360
Figure 3. Orienting time as a function of imagined heading in Experiment 2 (the studied orientation corresponds to 0° and to 360°).
were not able to maintain the imagined heading completely when the target probe was presented. On the basis of the long response times and participants' self-reports, the latter seems to have been the case. That is, participants appeared to have been adopting the imagined heading anew when the target probe appeared. This strategy would lead to long pointing latencies and an influence of imagined heading on pointing latencies. This effect of imagined heading on pointing latencies in no way compromises the most important conclusion from these measures, which is that headings aligned with the studied orientation were easier to retrieve and process than headings misaligned with the studied orientation. This result is the signature of orientationdependent spatial representations.
Pointing Accuracy
Pointing accuracy was defined as the absolute angular difference between the actual and the judged direction of the target, as in Experiment 1. These data are plotted in Figure 5 . The effect of imagined heading was reliable, F(7, 161) = 6.57, MSE = 239.20, p < .001. For the most part, angular error increased as the distance between the imagined heading and the studied orientation increased. Neither the main effect of session nor the interaction of imagined heading and session was reliable (Fs < 1). The difference between aligned and contra-aligned judgments was reliable, /(23) = -4.44,/><.001.
Discussion
The primary goal of Experiment 2 was to determine whether memory representations of large-scale spaces other than simple 4-point paths were orientation independent or orientation dependent. In all measures that we collected, headings corresponding to the studied orientation were retrieved and processed more efficiently than all other imagined headings. These results indicate that memories of these spatial layouts were orientation dependent.
In addition, the M-shaped results resembled those from other spatial orientation tasks (e.g., Hintzman et al., 1981) . It seems clear that our participants performed a mental rotation to complete the task except when they were tested with an imagined heading of 180°. The consensus in the literature is that the 180° process is different from mental rotation, but a clear mechanism for the special advantage of the 180°p osition over other nearby headings has yet to be identified (see Diwadkar & McNamara, 1997; Hintzman et al., 1981; Jolicoeur, 1985) . However, some evidence suggests that the 180° position is more accessible from memory than nearby headings because it is one pole of a major axis (e.g., front-back) within a spatial framework model, a model that is constructed to verify and retrieve spatial information (e.g., Can & Roskos- Ewoldsen, 1997; Franklin & Tversky, 1990) .
General Discussion
The results of the present experiments indicate that mental representations of large and small spatial layouts are orientation dependent. In the preliminary study and in Experiment 1, judgments of relative direction were easier when the imagined heading was aligned with the studied orientation than when it was contra-aligned with the studied orientation. Imagined Heading (degrees) Figure 5 . Angular error in pointing judgments as a function of imagined heading in Experiment 2 (the studied orientation corresponds to 0° and to 360°).
extended these findings to spatial layouts containing real objects and indicated that the difficulty of processing a novel imagined heading (i.e., one that was not directly experienced) was an increasing function of the angular distance between that heading and the perspective that was actually learned.
The finding that memories of large spatial layouts are orientation dependent is consistent with the results of some studies but inconsistent with the results of others. It is consistent with studies focusing on the effects of imagined and real bodily movements (i.e., rotations and translations) on the ease of updating one's spatial orientation (e.g., Presson & Montello, 1994; Rieser, 1989; Rieseret al., 1986) . It also is consistent with studies focusing on the presentation of multiple orientations of the spatial array (e.g., Presson et al., 1987; Shelton & McNamara, 1997; Warren et al., 1995) .
However, our findings for large layouts differ from those reported in a number of investigations of spatial knowledge of large spaces, such as buildings and college campuses (e.g., Evans & Pezdek, 1980; Thorndyke & Hayes-Roth, 1982) . As noted in the introduction, a potential problem with these studies is that the learning experiences for the large layouts were not controlled; in particular, there was no experimental control of the number of orientations that participants experienced. In our studies, participants' experience was limited to a single orientation of the large layout, and their performance in the judgments of relative direction indicated that their memories were encoded in an orientationdependent manner.
Of more concern, however, is the apparent conflict between our results, especially those of the preliminary study and of Experiment 1, and the findings reported by Presson and his colleagues (Presson et al., 1989; Presson & Hazelrigg, 1984) . As a reminder, this work found that the alignment effect was much smaller when participants learned a large, room-sized path than when participants learned a small, map-sized path. Our experiments were designed to replicate those of Presson and his colleagues: The same 4-point paths were used as stimuli, and similar learning and testing procedures were used. Although there are minor procedural differences between the studies that may account for the differences in results, we believe that the major cause can be found in the procedure used to test participants.
In our experiments, the testing conditions were identical regardless of how participants learned the layouts: In Experiment 1, participants were always located in the center of the room, facing the same direction as when they had learned the layout (blindfolded at all times, of course); in Experiment 2, participants were in a room different from the one containing the layout (and on a different floor of the building), seated in front of a computer. This feature of the methods almost guarantees that participants' judgments of relative direction were based on their memories of the layout as they had originally experienced it (see also Sholl, 1996) .
In contrast, a close reading of the methods used by Presson et al. (1989) reveals that participants' actual location and facing direction were the same as those specified in the judgment that was supposed to be made from memory. For example, if the participant was supposed to point to 4 as if standing at 1 facing 2, then the participant was actually placed on Location 1 facing Location 2. Participants were blindfolded, and the experimenters attempted to disorient participants by taking them on a meandering stroll through the space. However, if participants were not completely disoriented by this stroll and knew where they were in the space, then they might have been able to update their mental representation to reflect their movement in the space (unfortunately, a manipulation check was not included in the experiments).
This explanation is supported indirectly by several studies showing that contra-aligned judgments are no harder than aligned judgments if participants are allowed to rotate their bodies, either while standing in place or by moving to the imagined station point and heading (e.g., Presson & Montello, 1994; Rieser, 1989; Rieser et al., 1986) . For example, in Presson and Montello's study, participants learned the locations of three objects in a large room. Subsequently, they made judgments of relative direction using their memories of the layout. In the imagined-movement conditions, participants made judgments of relative direction while standing in the same fixed location. These judgments either required imagined translations or imagined rotations. In the former judgments, the imagined heading was the same as the original viewing orientation, but the imagined station point was different from where participants were actually standing, whereas in the latter judgments, the imagined heading was different from the original viewing orientation, but the station point was the same. Hence, imagined translations were aligned judgments, whereas imagined rotations were misaligned judgments. The average angular error in pointing judgments was just over 10° for imagined translations and nearly 35° for imagined rotations, producing an alignment effect of roughly 25°. In the real-movement conditions, participants also made judgments of relative direction but were allowed to move to the station point (in the case of translations) or to rotate their bodies to the required facing direction (in the case of rotations). The average angular error was approximately 15° in both of these conditions; in other words, there was no alignment effect.
Two results of Presson and Montello's (1994) experiment are particularly important: First, the difference in difficulty between imagined translations (i.e., aligned judgments) and imagined rotations (i.e., misaligned judgments) indicates to us that memories were orientation dependent. We believe that our conclusion is consistent, for the most part, with the explanation proposed by Presson and Montello. Presson and Montello explained their results in terms of a conflict between the primary frame of reference established by the observer's actual position in space and the secondary frame of reference required to solve the judgment of relative direction. For imagined translations, these frames of reference coincided, but for imagined rotations, they conflicted. For example, in an aligned judgment, forward in the primary frame of reference is the same as forward in the secondary frame of reference, but in a contra-aligned judgment, forward in the primary frame of reference corresponds to backward in the secondary frame of reference.
Couched in terms of Presson and Montello's (1994) model, our claim is that experiencing a single orientation of a spatial layout produces a mental representation in which location is encoded in terms of the primary frame of reference at the time of learning. This frame of reference is orientation dependent and becomes an integral component of the representation because locations are encoded in terms of it. Spatial problems, such as judgments of relative direction, require a secondary frame of reference. If this secondary frame of reference coincides with the frame of reference in the representation, as in aligned judgments of relative direction, information is easy to retrieve and process. However, if there is a conflict between the two frames of reference, as in misaligned or contra-aligned judgments, extra processing is required and difficulty is increased.
The second important result of Presson and Montello (1994) is the facilitative effect of bodily rotation on judgments, compared with imagined rotation. This result indicates that people can update their mental representations to reflect new headings if they are allowed to rotate their bodies. This result may explain in part why an alignment effect did not appear in the large-path conditions of the experiments of Presson etal. (1989) . Recall that participants in these experiments rotated their bodies to the new heading on contra-aligned trials. If the participants who learned large layouts also were not disoriented, then an alignment effect would not be expected because the bodily rotation would have allowed them to update their mental representation.
This second result and its analysis make clear why the locative and nonlocative groups performed similarly in our Experiment 1. The door-pointing task showed that participants in the locative group were much better able than participants in the nonlocative group to keep track of their position in the room. However, because all participants were tested in the same way-by being placed in the center of the room blindfolded, facing in the same direction as when they had learned the layout-this extra knowledge did not confer any advantage to participants in the locative group in processing contra-aligned headings. To access spatial relations as viewed from the contra-aligned heading, these participants still had to perform some kind of transformation on an orientation-dependent representation in memory. Updating was not effective because there was no way to update: Participants were not allowed to rotate to new headings. This feature of the design of our experiments is a strength, not a weakness, because it guaranteed that all participants were tested in the same way, regardless of what size of space they learned or how they learned it. Moreover, it virtually ensured that participants were relying on their memories of the layout to make the judgments of relative direction and not on a representation that was updated during the testing procedure.
A question regarding Presson's results still remains. If Presson's participants were updating their representations to reflect new headings as they rotated their bodies during test, why did updating occur for large spatial layouts but not for small ones? That is, why did updating seem to interact with the size of the spatial layout? A partial answer, again, follows from the testing procedures. When participants in Presson's studies made judgments of relative direction after learning a small layout, they were moved to locations in the room that corresponded to a room-sized version of the small layout (which they did not see), not to the small layout itself. Therefore, even though the participants' bodies were rotated to the appropriate heading, the small-layout condition did not afford the same sense of moving in the space in which they had just seen the path.
Other variables may also come into play. For example, viewing angle in conjunction with test procedures may be important (Sholl, 1996) . Sholl used large spatial layouts and testing procedures identical to Presson's, whereby the participant was tested on the imagined location and the participant's body was rotated appropriately on the contra-aligned trials. Manipulated variables were body posture (seated vs. standing during the initial viewing), vertical viewing angle (relatively flat vs. relatively steep), and test space (same space vs. different room). She found an alignment effect, indicating an orientation-dependent mental representation, in all conditions except one. An alignment effect was not observed when participants had viewed the layout from a relatively flat angle and were tested in the same space (and on the imagined location).
Whatever the resolution of this issue may be, our results, in concert with a growing body of evidence in the spatial memory literature (e.g., Presson et al., 1987; Presson & Montello, 1994; Rieser, 1989; Rieser et al., 1986; Shelton & McNamara, 1997; Warren et al., 1995) , indicate that experiencing a single perspective of a space produces an orientationdependent representation in memory. These findings do not imply that maps, in particular, and large-scale spaces are mentally represented in the same way; they only show that mental representations of small and large spaces probably do not differ in orientation dependence.
It is natural to ask whether a small number of additional perspectives of a spatial layout, beyond just one, would produce an orientation-independent representation in memory. Extant data indicate that the answer to this question is no. In an experiment reported by Shelton and McNamara (1997) , observers learned locations of real objects in a room-sized space from two perspectives, which differed by 90°. Afterwards, participants made judgments of relative direction using a task very similar to the one used in Experiment 2. The results showed that imagined headings aligned with the two studied orientations were equally easy but all other imagined headings were more difficult. Two perspectives of the space seemed to produce two orientationdependent representations in memory.
Complementary results were obtained by Diwadkar and McNamara (1997) in an investigation of scene recognition. Observers saw a collection of objects from a single view and then learned to recognize the scene from this studied view and three additional training views (presented as digitized images). Subsequent performance in an old-new recognition task indicated that all four familiar views were represented in memory and that novel views were recognized by normalization to the nearest study or training view.
Finally, Warren et al. (1995) reported evidence that when people learn a large complex path by means of locomotion but without vision, locations are encoded with respect to a frame of reference established on the first leg of the path (i.e., the initial perspective on the environment). There was no evidence that multiple perspectives led to a reduction in the size of the alignment effect.
Collectively, these findings indicate that multiple perspectives of a spatial layout produce multiple orientationdependent representations in memory. This conclusion is consistent with findings in the visual object recognition literature (e.g., Edelman & Biilthoff, 1992; Humphrey & Khan, 1992; Tarr, 1995; Tarr & Pinker, 1989 ; but see Biederman & Gerhardstein, 1995) and points to important similarities between mental representations of interobject and intraobject spatial relations. It remains to be seen how deep these affinities really are.
